This work focuses on the strong nonlinear saturation absorption (NSA)-induced optical super-resolution effect. A multi-layer system model is proposed to understand the strong NSA-induced formation of an optical pinhole channel and the generation of a super-resolution spot. Taking a Sb 2 Te 3 thin film as an example, numerical simulations were conducted. The results illustrate that an optical pinhole channel is clearly formed by the NSA characteristics. This pinhole channel is similar to a near-field light probe. Light travels through the pinhole channel, and a super-resolution spot is generated at its apex. The near-field spot scanning experimental results show that the reduction ratio of the spot is approximately 44.8%, which is basically consistent with the numerical simulation result of 43%. This work is helpful for understanding optical nonlinear super-resolution effects and developing nanolithography, nanodata storage, high-resolution optical imaging technologies with nonlinear thin films. A submicrometer (or even nanoscale) spot at a visible light wavelength is highly useful for high-density data storage, lithography, and high-resolution optical imaging [1] [2] [3] [4] . However, the spot size of a lens focusing system is mostly restricted to D ∼ 1.22λ∕NA because of the diffraction limit; here, λ and NA are the light wavelength and numerical aperture of the lens, respectively. Breaking through the diffraction limit using an optical nonlinear effect is an alternative method; this approach is also called the nonlinear super-resolution effect [4] [5] [6] [7] . The nonlinear super-resolution effect can be obtained through intensity-dependent refraction [8] [9] [10] [11] or absorption [12] [13] [14] [15] . In this Letter, we focus on the strong nonlinear saturation absorption (NSA)-induced optical superresolution. The basic physical idea is as follows: A collimated Gaussian laser beam is focused on an NSA thin film. The focused spot induces the NSA effect. For NSA, the higher laser intensities result in larger transmittance; this transmittance is the largest at the central region of the spot, and gradually decreases along the radial direction. A below-diffraction-limited optical pinhole channel is produced inside the NSA thin film. Figure 1 shows a basic schematic of the physical idea. The laser beam passes through the optical pinhole channel, and a super-resolution spot is obtained at the back side of the NSA thin film. High-density storage, nanolithography, and high-resolution imaging can be realized by the interaction of the super-resolution spot with the sample by near-field coupling. When the laser beam is removed, the optical pinhole channel can automatically close, and the NSA thin film returns to its initial state. Thus, the formation of below-diffraction-limited optical pinhole channels is dynamic and reversible. We stress here that the light beam broadening inside the NSA thin film resulting from diverging effects can be usually neglected, which is reasonable for thin film materials [16] .
A submicrometer (or even nanoscale) spot at a visible light wavelength is highly useful for high-density data storage, lithography, and high-resolution optical imaging [1] [2] [3] [4] . However, the spot size of a lens focusing system is mostly restricted to D ∼ 1.22λ∕NA because of the diffraction limit; here, λ and NA are the light wavelength and numerical aperture of the lens, respectively. Breaking through the diffraction limit using an optical nonlinear effect is an alternative method; this approach is also called the nonlinear super-resolution effect [4] [5] [6] [7] . The nonlinear super-resolution effect can be obtained through intensity-dependent refraction [8] [9] [10] [11] or absorption [12] [13] [14] [15] .
In this Letter, we focus on the strong nonlinear saturation absorption (NSA)-induced optical superresolution. The basic physical idea is as follows: A collimated Gaussian laser beam is focused on an NSA thin film. The focused spot induces the NSA effect. For NSA, the higher laser intensities result in larger transmittance; this transmittance is the largest at the central region of the spot, and gradually decreases along the radial direction. A below-diffraction-limited optical pinhole channel is produced inside the NSA thin film. Figure 1 shows a basic schematic of the physical idea. The laser beam passes through the optical pinhole channel, and a super-resolution spot is obtained at the back side of the NSA thin film. High-density storage, nanolithography, and high-resolution imaging can be realized by the interaction of the super-resolution spot with the sample by near-field coupling. When the laser beam is removed, the optical pinhole channel can automatically close, and the NSA thin film returns to its initial state. Thus, the formation of below-diffraction-limited optical pinhole channels is dynamic and reversible. We stress here that the light beam broadening inside the NSA thin film resulting from diverging effects can be usually neglected, which is reasonable for thin film materials [16] .
Generally speaking, strong NSA thin films usually present large linear absorption coefficients. [17, 18] . For example, chalcogenide semiconductor thin films, such as Sb 2 Te 3 , feature an NSA coefficient β of ∼ − 10 −2 m∕W to 10 −3 m∕W, and a linear absorption coefficient α 0 of ∼10 7 ∕m [19] . The light intensity of the absorption materials decays exponentially along the direction of the sample thickness direction and is usually marked as Iz; r I inc r exp−αz, where z and r are the vertical and radial coordinates, respectively; I inc is the incident light intensity; and I is the light intensity inside the sample. The variable α indicates the absorption coefficient of the sample. For NSA thin films, the absorption coefficient must be written as αz; r α 0 βIz; r with β < 0-that is, the absorption coefficient is a function of both the z and r coordinates.
To correctly understand and analyze the superresolution effect produced by strong NSA thin films correctly, a multi-layer system model was proposed in this study. One of the authors adopted a Sb 2 Te 3 thin film with L 20-50 nm as an NSA layer and realized the recording and readout of super-resolution nanomarks with a high-density digital versatile disk testing system using a laser wavelength of 405 nm [20] . Here, we also take Sb 2 Te 3 as an example to simulate the super-resolution effects. Experimental verifications are subsequently presented.
During super-resolution spot formation, the optical pinhole channel is considered to be the core. To obtain the morphology of the optical pinhole channel, an NSA thin film of thickness L is considered as a multi-layer system (e.g., m layers), as shown in Fig. 2 , and the thickness of every layer is ΔL, m ΔL L. The light intensity and absorption coefficient of the ith layer are marked as I i r; z and α i r; z, respectively, where i 1; 2; 3; …; m.
The light is focused on the surface of the NSA thin film, and the intensity profile is written as I in r; z I 0 exp−2r 2 ∕w 2 z;
where z 0 πw 2 0 ∕λ is the Rayleigh length. On the NSA thin film surface, z 0, wz 0 w 0 , and I in I inc I 0 exp−2r 2 ∕w 2 0 . The variable w 0 is the beam waist radius, which can be calculated as w 0 ∼ 0.61λ∕NA. The light passes through the first layer and decays into the second layer because of the absorption effect. If m is large enough, the exiting intensity for every layer can be calculated using the Beer-Lambert formula.
The first layer can be considered a sample surface for which the absorption coefficient α 1 r; z and exiting light intensity I 1 r; z can be obtained as α 1 r; z α 0 βI inc r; z; I 1 r; z I inc r; ze −α 1 r;zΔL :
At the ith layer, α i r; z α 0 βI i−1 r; z;
At the last layer-that is, the mth layer, 
The performance of the super-resolution spot can actually be approximated to the light field of the last layer (the mth layer)-that is, I sup z; r I m z; r. Through a series of mathematical operations, I sup z; r can be simplified as
When m approaches infinity, I sup can be further written in integral form as follows:
Equation (6) is an expected expression for analyzing the super-resolution spot performance.
As shown in Fig. 1 , a collimated laser beam with a wavelength of λ 405 nm is focused onto the NSA thin film by a converging lens of NA 0.25. A Sb 2 Te 3 thin film with a thickness of L 40 nm is taken as an example because of the strong linear and nonlinear absorption characteristics of thin film (α 0 5.32 × 10 7 m −1 ; β −6.63 × 10 −2 m 2 ∕W at λ 405 nm [19] ). Other parameters are chosen as follows: w 0 ∼ 0.61λ∕NA ∼ 1.0 μm; I 0 8 × 10 8 W∕m 2 . The Rayleigh length is z 0 πw 2 0 ∕λ ∼ 7.45 μm. Thus, the light beam broadening from the diverging effect can be neglected because z 0 ≫ L.
According to the multi-layer system model, the formation of the optical pinhole channel and the generation of the super-resolution spot are numerically simulated. Figure 3 shows the simulation results. Generally speaking, a low absorption coefficient means low light absorptivity and high optical transmittance. By contrast, a large absorption coefficient means high light absorptivity and low optical transmittance. Thus, the absorption coefficient profile can reflect the formation characteristics of the optical pinhole channel, as shown in Fig. 3(a) , where the absorption coefficient profile is along the z − r cross section and the blue area marks the low absorption coefficient region. One can see that the low absorption coefficient region (marked in blue) is actually the optical pinhole channel. The apex of the pinhole channel is located at the back side of the NSA thin film-that is, at z 40 nm. The entrance of the pinhole channel is located at the front side of the NSA thin filmthat is, at z 0 nm. The pinhole channel size becomes smaller and smaller as the thin film thickness position z increases, and its apex size is obviously smaller than its entrance. Here, the pinhole channel is similar to the tip of an optical probe, which is used in scanning near-field optical microscopy [21, 22] .
After the formation of the optical pinhole channel, light travels through the pinhole channel, as shown in Fig. 3(b) . One can see that the light beam size becomes smaller and smaller as the traveling distance increases from z 0 to z 40 nm because the light beam is restricted by the optical pinhole channel. Thus, the light beam size is mainly determined by the apex of the optical pinhole channel. The smaller the apex size, the smaller the size of the spot generated at the back side of the NSA thin film. As illustrated in Fig. 3(b) , the size of the spot generated at the back side of the NSA thin film is mainly determined by the apex of the optical pinhole channel. Figure 3(c) shows the intensity profile of the spot exiting from the back side of the Sb 2 Te 3 thin film. The central intensity is approximately 7.8 × 10 8 W∕m 2 . To perform an intuitive comparison, the intensity profile of the incident focused spot is presented in Fig. 3(d) , where the central intensity is 8.0 × 10 8 W∕m 2 . Comparing Fig. 3(c) with Fig. 3(d) , one can see that the size of the spot at the back side of the thin film is obviously smaller than that of the incident focused spot. That is, the spot at the apex of the pinhole channel is a typical super-resolution spot. The formation of the super-resolution spot is similar to the light probe used in scanning near-field optical microscopy-that is, the optical pinhole channel functions as a near-field light probe tip.
A comparison of the super-resolution spot with an incident focused spot is provided in Fig. 3(e) . The sizes of the focused spot and super-resolution spot at 1∕e 2 intensity are 2.0 and 1.02 μm, respectively. The FWHM values of the focused spot and super-resolution spot are 1.12 and 0.48 μm, respectively. The reduction ratio, which is defined as the ratio of the FWHM of the superresolution spot to that of the focused spot, is approximately 43%. Therefore, the NSA thin film can obviously break through the diffraction limit and cause the focused spot size to reduce to the below-diffraction-limited size.
As analyzed previously, the super-resolution effect of the NSA thin film results from the optical pinhole channel. The pinhole channel is similar to a near-field light probe. Compared with a near-field light probe, several different characteristics of the optical pinhole channel are as follows:
1. The formation of the optical pinhole channel is dynamic and reversible and results from the NSA effect. The pinhole channel is formed when laser irradiation is applied to the thin film and can also be closed when the laser irradiation is creased.
2. Pinhole channel formation occurs through a far-field focusing system. Thus, the characteristics of the pinhole channel, such as its size and transmission, can be tuned by changing the incident laser power, focused spot size, NSA material applied, or NSA thin film thickness, among others.
3. The parameters of the super-resolution spot, such as its intensity and size, can also be tuned by changing the incident laser power, focused spot size, NSA material used, and NSA thin film thickness, among others.
4. In applications, the super-resolution spot can be directly coupled to the samples in the near-field range.
As analyzed previously, NSA can reshape the spot to the below-diffraction-limit. To verify the accuracy of our numerical simulations, near-field spot scanning experiments were conducted using the setup of a near-field probe scanning microscope. In spot scanning experiments, a laser beam with λ 405 nm was used as the incident light, and the converging lens with NA 0.25 was used to focus the laser beam on a Sb 2 Te 3 thin film. The w 0 of the focused spot is approximately 1 μm. A fiber probe with an aperture of approximately 100 nm was used to scan the Sb 2 Te 3 thin film in the near-field range and collect the spot signals transmitted from the Sb 2 Te 3 thin film. The detailed setup employed in this study can be found in [23] . The Sb 2 Te 3 thin film was deposited by the direct-current magnetron-controlled sputtering method, and its thickness was fixed at L ∼ 40 nm. To achieve the same incident light intensity inside the Sb 2 Te 3 thin film, the incident laser power was approximately 2.5 mW. The theoretical incident light intensity may be calculated as I inc 2P1 − R∕ πw 2 0 ∼ 8 × 10 8 W∕m 2 , where P and R are the laser power and reflectance of the Sb 2 Te 3 thin film, respectively, and R ∼50% for the Sb 2 Te 3 thin film in the experiment.
The typical experimental results are presented in Fig. 4 . Figure 4 (a) shows an image of the incident focused spot passing through a glass substrate, and Fig. 4(b) illustrates the spot at the back side of the Sb 2 Te 3 thin film. A comparison of Figs. 4(b) and 4(a) shows that the spot passing through the Sb 2 Te 3 thin film is obviously smaller than the focused spot.
To further verify the super-resolution effect on Sb 2 Te 3 thin films, Fig. 5 presents the normalized intensity profile indicated by the lines marked in Figs. 4(a) and 4(b) . The circular dots indicate the experimental data, while the solid curves show the Gaussian fitting results. In both the focused and super-resolution spots, the Gaussian fitting curves are consistent with the experimental data at above 1∕e 2 intensity. At below 1∕e 2 intensity, the experimental data are significantly different from the Gaussian fitting results, which may stem from the laser beam itself. In our experiment, the laser beam was emitted by a GaN laser device, and the light beam intensity did not show ideal Gaussian characteristics. Taking 1∕e 2 intensity as the spot size, Fig. 5 shows that the size of the incident focused spot passing through the glass substrate is approximately 2.4 μm (marked as the blue curve), while the size of the super-resolution spot passing through the Sb 2 Te 3 thin film is 1.1 μm (marked as the red curve). The FWHM values of the focused and super-resolution spots are ∼1.34 and 0.60 μm, respectively. The focused and super-resolution spot sizes obtained experimentally are larger than those obtained by numerical simulation; these results may be attributed to the nonideal characteristics of the lens focusing system. However, in the present experiment, the reduction ratio of spots obtained experimentally is approximately 44.8%, which is basically consistent with the numerical simulation result of 43%. This finding indicates that the multi-layer system model is suitable for analyzing the NSA-induced optical pinhole channel and superresolution spot. The model can also be applied to the case where the active layers possess a positive nonlinear absorption coefficient, where the pinhole channel is similar to a scattering-type metal probe. In addition, although a low NA lens was used in this study, one can benefit from the experiments because the thermally induced nonlinearities are isotropic.
In summary, a multi-layer system model is proposed to understand a strong NSA-induced pinhole channel and super-resolution effects. Numerical simulations are conducted using a Sb 2 Te 3 thin film as an example. The results show that the apex of the optical pinhole channel, which is similar to a near-field probe, is smaller than the focused spot and that the light travels through the pinhole channel to form a super-resolution spot at the apex of this channel. Near-field spot scanning experimental results show that the reduction ratio of the spot is approximately 44.8%, which is basically consistent with the numerical simulation result of 43%. This work is helpful for understanding the nonlinear super-resolution effects and developing nanolithography, nanodata storage, and high-resolution optical imaging technologies with nonlinear thin films.
